drive the disease toward different patterns. It is increasingly clear that the sarcoidosis "family" of diseases comprises distinct phenotypical entities, including Lö fgren's syndrome, persistent/progressive lung disease, granulomatous uveitis, and berylliosis, each with potentially distinct genetic associations (4) (5) (6) (7) (8) (9) .
Chemokines are small peptides that mediate monocyte, lymphocyte, and neutrophil chemotactic activity, by binding to specific G-protein-coupled receptors (10) (11) (12) (13) . The C-C chemokine receptor 5 (CCR5) gene has been mapped to the short arm of chromosome 3 among a group of genes that encode multiple chemokine receptors including the CCR2 gene (14) . Ligands for CCR5, including CCL3, CCL4, CCL5, and CCL8 chemokines (15, 16) , play a major role in the recruitment and activation of lymphocytes and monocytes in sarcoidosis (17, 18) . CCR5 expression is upregulated in bronchoalveolar lavage (BAL) macrophages and lymphocytes in sarcoidosis (19) and BAL levels of CCL3 and CCL5 correlate with risk of sarcoid progression (20) (21) (22) (23) . Thus, chemokine-receptor interactions are likely to regulate the composition and/or the persistence of cellular infiltrates.
The aim of this study was to identify associations between CCR5 haplotypes (including additional promoter polymorphisms) and the presence and nature of sarcoidosis lung involvement. We evaluated the distribution of CCR5 haplotypes in white British patients and control subjects; a second sample of white Dutch patients with sarcoidosis and control subjects was tested for replication.
The results of part of this study have been previously presented in the form of an abstract (24) .
METHODS

British Patients and Control Subjects
One hundred six unrelated white British patients were investigated. In all patients the diagnosis of sarcoidosis was histopathologic, and in accordance with the diagnostic criteria defined in the American Thoracic Society/European Respiratory Society International Statement on Sarcoidosis (2) . British and Dutch patients presenting with classical Lö fgren's syndrome were excluded from the study. Written patient consent was obtained from all subjects; the Ethics Committees of the Royal Brompton Hospital, London gave authorization for the study. This hospital is a tertiary referral center taking patients mainly from the southeast of the United Kingdom.
The British control population comprised 142 unaffected white subjects.
Dutch Patients and Control Subjects
One hundred twelve unrelated white Dutch patients were included in the study. The diagnosis of sarcoidosis was established as described above (2) . Written consent was obtained from all subjects and authorization was given by the Ethics Committee of the Sint Antonius Hospital, Nieuwegein, The Netherlands. This hospital is a secondary referral center.
The Dutch control group comprised 169 healthy white subjects. Both British and Dutch control subjects were anonymized. However, all were healthy as judged by a self-administered questionnaire and by the routine laboratory investigations performed on blood donors.
Evaluation of Pulmonary Disease Severity
Radiography. Chest radiographs for each patient were examined and compared to determine disease severity and course. Staging of disease was classified according to the joint ATS/ERS/WASOG Consensus Statement on Sarcoidosis (2) into stage 0 (normal chest radiograph), stage I (bilateral hilar lymphadenopathy, BHL), stage II (BHL and pulmonary infiltrates), stage III (pulmonary infiltrates without BHL), and stage IV (pulmonary fibrosis).
In the United Kingdom, chest radiographs at presentation, 2, and 4 years were evaluated independently by two experienced pulmonary radiologists (see also expanded Methods section in the online supplement). In Holland, one experienced chest radiologist performed the same procedure. Presentation chest radiographic data were available for 215 patients (104 British, 111 Dutch). Chest radiographs at 2 years after initial presentation were available for 198 patients (99 British, 99 Dutch). A total of 183 patients (91 British, 92 Dutch) also had radiographic follow-up at 4 years. For three patients (2 British, 1 Dutch), no chest radiograph was available for evaluation at presentation, 2, or 4 years. The difference in patient numbers at presentation compared with 2 and 4 years is mainly due to the inclusion in our study of a small number of patients in whom a diagnosis has been made recently. These patients have not been followed up long enough to be included in the 2-and 4-year analysis.
Pulmonary function testing. Both groups of patients had pulmonary function tests performed at the referral center. The same normal values for calculations of lung functions were used in the United Kingdom and in Holland. Pulmonary function tests included FEV 1 and FVC by using spirometry with carbon monoxide diffusion capacity (Dl CO ) as measured by the single-breath technique and expressed as percentage of predicted. The calculations are based on the ATS recommendations (25, 26) . Lung function data were available for 106 British and 107 Dutch patients.
BAL. In Holland and the United Kingdom, bronchoscopy was performed and BAL fluid processed as described previously (27) (see also expanded Methods in the online supplement). BAL data were available for 44 British and 78 Dutch patients.
Clinical features of British and Dutch patients are summarized in Table E1 in the online supplement.
Sequence-Specific Primers and Polymerase Chain Reaction
Polymorphisms were determined using sequence-specific primers (SSPs) and polymerase chain reaction (PCR). All PCR reactions were run under identical conditions as previously described (28) .
To identify the same CCR5 promoter haplogroups described by Gonzalez and coworkers (29) , the CCR2 SNP 190 (G/A) was also genotyped.
Data Analysis
The genotype, allele, and carriage frequencies (i.e., number of individuals carrying the allele either in both [homozygous] or in only one [heterozygous] chromosome), were determined by direct counting. Haplotypes were identified by the computer program PHASE, version 2 (30) . PHASE uses a Bayesian approach with a coalescent theory to estimate haplotype structure. It is similar to the expectation maximization (EM) algorithm but predicts the structure of the next sampled haplotype by comparing it to haplotypes already assigned rather than to genotypes. PHASE is suited to tightly linked loci as in the CCR5 gene region; in this regard pairwise DЈ values were calculated before implementing the PHASE algorithm using the computer program Arlequin (31), PHASE is freely available from http://www.stat.washington. edu/stephens/software.html (see also expanded Methods section in the online supplement).
Subsequently, the carriage frequency of each haplotype was determined by direct counting. Proportions were compared using chi-square statistics or Fisher's exact test as appropriate. Adjustment for multiple tests was made using the formula p c ϭ p ϫ n, where p c is the corrected value, p the uncorrected value, and n the number of tests performed (Bonferroni method). A value of p Ͻ 0.05 was considered significant. Multivariate polytomous logistic regression was used to assess the independent association between CCR5 haplotypes and disease subsets, while adjusting for age at presentation, sex, and smoking history. Statistical analyses were performed using the program STATA 7 (Stata Corp., College Station, TX).
RESULTS
We investigated eight biallelic CCR5 single nucleotide polymorphisms (SNPs). To better define the CCR5 promoter region, in addition to the well known polymorphisms at positions Ϫ2459 A/G (Promoter), Ϫ2135 T/C (Exon), Ϫ2086 A/G (Exon), Ϫ1835 T/C (Exon/Intron boundary), and Delta 32 wt/⌬32 insertion/ deletion (Exon, coding sequence), we genotyped our samples for the SNPs at position Ϫ5663, Ϫ3900, and Ϫ3458 (reported in the publicly available SNP database) (32), which had not been previously included in any of the known haplogroups. We first provided data on genotype and allele frequencies for these variations.
As mentioned above, the CCR2 SNP at position 190 G/A (Exon, coding sequence) was also genotyped. The relative SNP positions in the CCR2 and CCR5 genes are shown in Figure 1 . Primer sequences detecting these polymorphisms are shown in Table 1 . The genotype frequencies of the investigated CCR2 and CCR5 polymorphisms for subjects with sarcoidosis and for control subjects, summarized in Table 2 , were all in Hardy-Weinberg equilibrium. Fifteen haplotypes were deduced, including five highly prevalent haplotypes (29) , as shown in Table 3 . CCR5 haplotype frequencies are given in Table E2 . After correcting for multiple comparisons, there were no differences in the genotype, phenotype, and allele frequencies of the CCR2 and CCR5 polymorphisms, or in the haplotype frequencies between patients and control subjects in either the British or Dutch population.
Association between CCR5 Haplotype HHC and the Presence of Parenchymal Disease
After correcting for multiple comparisons, in the British population the presence of parenchymal disease (radiographic stage у II versus stages 0 and I) was strongly associated with CCR5 haplotype HHC at presentation (odds ratio [OR], 5.2; 95% confidence interval [CI], 1.96-13.7; p ϭ 0.02), at 2 (OR, 6.6; 95% CI, 2.5-17.6; p ϭ 0.006), and at 4 years (OR, 6.8; 95% CI, 2.5-18.0; p ϭ 0.0045). In the Dutch population the same association was seen at the 2-(OR, 6.7; 95% CI, 2.8-16.4; p ϭ 0.002) and 4-year follow-up (OR, 9.0; 95% CI, 3.5-23.1; p ϭ 0.0009) ( Table 4 ). All these findings remained significant after adjustment for sex, age, treatment at presentation, and smoking status on multivariate logistic regression in each population. When genotype data for haplotype HHC was investigated, there was a trend toward a significant effect of haplotype copy number, more evident in the Dutch population (Table E3 ). The association also remained significant after adjustment for carriage of CCR2 haplotype 2, a haplotype in moderate linkage disequilibrium with HHC (DЈ ϭ 0.66) (33); CCR2 haplotype 2 was not itself independently linked to stage greater than or equal to II.
Among patients with parenchymal involvement, changes in stage were more frequent in those with stage II at presentation. Therefore, to exclude bias, we repeated logistic regression after removing patients with stage II at presentation and a change in stage at 2 or 4 years (n ϭ 29, 19 Dutch and 10 British) or no X-ray at either 2 or 4 years (n ϭ 2, both Dutch). The association between HHC and parenchymal disease remained significant both at 2 and 4 years in both populations (p Ͻ 0.001).
To evaluate whether HHC was associated with separate measures of parenchymal involvement, both pulmonary function tests and BAL neutrophilia were also analyzed. Carriers of CCR5 HHC showed a lower FEV 1 (median: 82% vs. 92%, p ϭ 0.008) and FVC (90% vs. 100%, p ϭ 0.02) at presentation compared with non-HHC carriers. Furthermore, the prevalence of BAL neutrophilia (neutrophils Ͼ 4%) was significantly higher in HHC compared with non-HHC carriers (22.2% vs. 6.1%, p ϭ 0.017). HHC carriage was not associated with the presence of other organ involvement (heart, liver, kidney, CNS, skin, or uveitis).
The T allele at position Ϫ3458 showed an association as strong as haplotype HHC in both Dutch and British patients at all time points with the alleles Ϫ2086 G, Ϫ2135 T, Ϫ2459 G, Ϫ3458 T, Ϫ3900 C, and Ϫ5663 A also associated with advanced radiographic stages of disease (see Table E4 ).
CCR5 haplotype HHA was higher in patients with stages 0-I compared with those with stages greater than or equal to II at presentation, when both populations were considered together (21.9 vs. 9.9%, p ϭ 0.02); however, this association did not reach statistical significance after correction for multiple comparisons (p ϭ 0.3). Furthermore, this weak association was present only in the Dutch population (33% of HHA carriers had stage 0-I compared with 12.7% of stage у II; OR, 3.4; 95% CI, 1.3-8.9; p ϭ 0.01, corrected p ϭ 0.15), whereas in the British population, where the frequency of HHA was lower, an opposite trend was seen, with only six patients, all with radiologic stage greater than or equal to II, carrying haplotype HHA. 
TABLE 1. SEQUENCES OF PRIMERS USED FOR PCR-SSP DETECTION OF CCR5 POLYMORPHISMS
CCR5 Haplotype HHC and the Nature of Parenchymal Disease
When the analysis was limited to patients with parenchymal lung involvement on X-ray (stage у II), HHC carriage did not increase significantly from stages II to IV (Table 5) . Similarly, in this subgroup of patients, BAL neutrophil percentages and FEV 1 levels did not differ between carriers and noncarriers of haplotype HHC (data not shown). BAL neutrophil levels (p ϭ 0.002) and FEV 1 levels (p Ͻ 0.0001) were related to radiographic stage.
CCR5 HHC Carriage and Persistence of Lung Involvement
To investigate whether HHC carriage was associated with radiologic persistence of lung disease, we performed a subgroup analysis limited to the 124 patients who had lung involvement (stage у II) at presentation and who also had radiologic staging after 4 years. At 4 years after presentation, CCR5 HHC carriage was observed in 31.8% of patients whose lung disease had regressed (either stage 0 or I), compared with 76.5% of patients with persistent lung involvement (stage у II) (OR, 6.9; p Ͻ 0.0001; 95% CI, 2.5-19.1). The association remained significant after adjusting for country of origin (Holland or UK), sex, age at diagnosis, treatment at presentation, and smoking status. The association held after exclusion of patients with stage IV at presentation, leaving 77 cases for analysis. CCR5 HHC carriage was observed in 31.8% of patients whose lung disease had regressed (either stage 0 or I), compared with 76.4% of patients with persistent lung involvement (stage у II) (OR, 6.9; 95% CI, 2.3-20.6; p ϭ 0.001). Again, the association remained significant after adjusting for country of origin, sex, age at diagnosis, treatment at presentation, and smoking status.
DISCUSSION
In the present study, we report a strong association between CCR5 haplotype HHC and persistent parenchymal lung involve- 
ment in sarcoidosis, as assessed by chest X-ray, suggesting an important pathophysiologic role for this chemokine receptor. However, despite clear statistical evidence, it remains uncertain whether this haplotype per se, or a single SNP within it, is critical to the development of parenchymal disease. Alternatively, the SNPs included in HHC could be in linkage disequilibrium with other unidentified functional variant(s) within the CCR5 gene or in neighboring genes. Our conclusions are based on CCR5 haplotypes; therefore, the reliability of the method used for haplotype reconstruction is critical. Although errors in haplotype assignment can originate (30), the statistical method used in this study, have been shown to have high accuracy (34, 35) . Moreover, the frequencies of the deduced CCR5 haplotypes in our cohort are consistent with those previously reported by Gonzalez and coworkers (29) strongly supporting the reliability of PHASE. Despite the interest in CCR5 genetic polymorphisms, relatively little is known about the possible functional consequences of the SNPs in the promoter region. We speculate that the variants included in haplotype HHC have effects on CCR5 transcriptional activity. This haplotype comprises several promoter polymorphisms, which can modify gene expression by altering transcription factor binding (36) (37) (38) (39) (40) (41) (42) (43) (44) . The Ϫ2459 G/A polymorphism has been associated with variations in gene expression in vitro, albeit with controversial results according to the cell type studied (39, 40) . Therefore, the effect of the variants may depend on the cell type, and this could partially explain the apparently contradictory results of functional studies. The SNPs at positions Ϫ3458 T/G, Ϫ3900 C/A, and Ϫ5663 A/G are also located within a region predicted to differentially bind transcription factors according to the presence of the wild-type or mutant alleles, as assessed by using the TESS transcription factor database (http://www.cbil.upenn.edu/tess). However, whether and how these polymorphisms affect transcriptional activity of the CCR5 promoter needs to be elucidated. A large part of the information available on the functional consequences of CCR5 gene polymorphisms in vivo stems from studies of HIV-1-infected individuals as CCR5 is the major coreceptor for the HIV type-1 virus. Individuals homozygous for a 32-base pair deletion (⌬32/⌬32), resulting in a truncated protein that fails to reach the cell surface, are highly resistant to HIV infection (45, 46) , whereas ⌬32/wt heterozygous individuals express lower levels of CCR5 and show slower progression to AIDS (36, 47) . However, substantial variations in gene expression among ⌬32/wt and wt/wt subjects have been described (48) , suggesting that polymorphisms other than ⌬32 are likely to influence CCR5 expression. Interestingly, CCR5 haplotype HHC does not include the ⌬32 deletion variant, suggesting that decreased gene expression is not the key mechanism of persistent lung disease in sarcoidosis and supporting the hypothesis that promoter variants might result in increased CCR5 expression, at least in some cell types. Indeed, whereas the reduction in gene expression caused by the ⌬32 allele, for instance, is likely to have similar effects in all cell types, the effects on mRNA transcription of CCR5 promoter polymorphisms may be cell type-specific or otherwise affected by the local milieu within a particular tissue.
An increased frequency of the ⌬32 allele in patients with sarcoidosis from Czech Republic has been reported (49). We could not replicate the same finding in either British or Dutch populations, and this is probably due to the small number of patients in the Czech study (n ϭ 66) rather than to ethnic differences, as the allelic frequencies of the mutant allele are identical in the three control groups (British 11.3%, Dutch 12.1%, Czech 10.8%) and therefore in keeping with a previously reported genotype frequency of the CCR5 ⌬32/wt of about 20% in whites (36) .
The CCR5 gene is in close proximity to and in linkage disequilibrium with CCR2 (36) . We have recently shown that a particular combination of SNPs in the CCR2 gene (haplotype 2) is associated with Lö fgren's syndrome, a sarcoidosis subset characterized by an excellent prognosis (33) . Intriguingly, CCR2 haplotype 2 is in moderate linkage disequilibrium with CCR5 HHC (DЈ ϭ 0.66). The most plausible explanation for these apparently contradictory results is in the impact of HLA haplotypes. The HLA DRB1*0301-DQB1*0201 (DR3) haplotype is strongly associated with Lö fgren's syndrome but not with "classic" sarcoidosis (84% vs. 19%, p Ͻ 0.0001) (50) . CCR2 haplotype 2 was strongly associated with Lö fgren's syndrome only in DR3-positive patients (p Ͻ 0.0001). Our hypothesis is that Lö fgren's syndrome and "classic" sarcoidosis are genetically distinct diseases, at least in terms of the major histocompatibility complex (MHC) alleles, and further, that the CCR2 haplotype 2 acts only in association with the DR3 haplotype in susceptibility to Lö fgren's syndrome (33, 50) . In marked contrast, CCR5 HHC does not confer susceptibility to sarcoidosis per se but it only acts after "classic" sarcoid strikes. It is, we believe, highly probable that many other examples of genetic markers operating only as disease progression markers will emerge as genomics meets accurate clinical databases.
Although linkage disequilibrium across CCR5 is very similar between whites, African Americans, and Hispanics, the actual frequencies of haplotypes do differ (29) . For instance, HHC/ HHC and HHC/HHE are very common in whites, but represent only a small proportion of African-American haplotype pairs. Our results cannot therefore be generalized to other ethnicities.
CCR5 is expressed at high levels in CD4 ϩ Th1 lymphocytes; it plays a crucial role in recruiting mononuclear cells to inflammatory sites acting as modulator in leukocyte migration and activation. Recently, it has been also shown that CCR5 enhances T cell activation by improving T cell-antigen-presenting cell attraction at the immunologic synapse, suggesting a previously unknown function for this chemokine receptor (51) . Plasma levels of CCR5 and its ligands CCL3 and CCL5, both chemoattractants for monocytes/macrophages and T cells (52) , are increased in the BAL fluid of patients with sarcoidosis (18, 22, 23, 53, 54) . Human monocytes and T cells show aberrant migration toward CCL5 and CCL3 as result of CCR5 overexpression, and this effect is inhibited by anti-CCR5 antibodies (55, 56) . Therefore, we hypothesize that CCR5 dysregulation could lead to aberrant trafficking of T cells to the lung resulting in persistent parenchymal involvement in sarcoidosis. In agreement with this, several reports have shown an important role for CCR5 in attracting Th1 cells to the sites of inflammation in rheumatoid arthritis, multiple sclerosis, and glomerulonephritis, all diseases associated with a Th1-type immune response (56) (57) (58) (59) .
The role played by CCR5 in apoptosis might also be pathogenetically important. A dysregulation of the Fas/Fas-L system, activated through CCR5 (60), could lead to an abnormal persistence of the sarcoidosis inflammatory process and delayed resolution of the granulomatous response, as a consequence of an altered T cells clearance (61) . Alveolar macrophages and lymphocytes expressing apoptotic receptors are also increased in patients with sarcoidosis (62, 63) . Alternatively, variants of CCR5 may influence the binding and processing of microbes other than HIV, which, in turn, may be specific triggers of persistent lung impairment.
In the Dutch patients, CCR5 HHC was not associated with parenchymal disease at presentation. However, this is not surprising. Indeed, the Dutch patients, recruited from a secondary center, had earlier and milder disease as shown by functional indices and radiographic stage (Table E1 ) and therefore a period of follow-up was required to disclose an association with persistent lung disease. By contrast, the British patients were recruited from a tertiary center, with preselection of a larger subset with persistent lung involvement, and therefore the cardinal associations were already evident at presentation.
The importance of CCR5 HHC in sarcoidosis pathogenesis clearly remains to be clarified and confirmed in an independent study. It is important to state that our results indicate that the CCR5 HHC is specifically associated with the presence or absence of parenchymal disease only after classical sarcoid is contracted. In particular, HHC carriage was not linked to radiologic stage in patients with overt lung involvement (stages у II). It is therefore likely that to develop pulmonary fibrosis, gene variants other than CCR5 HHC are required.
The molecular mechanisms through which CCR5 genetic polymorphisms influence disease severity require further study; nevertheless, our study strongly suggests a role for CCR5 haplotype HHC in the pathogenesis of persistent lung involvement in sarcoidosis.
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